The deposition and dissolution of Li at a Ni electrode coated with lithium phosphorus oxynitride (LiPON) thin film were investigated in lithium bis(trifluoromethylsulfonyl)amide-glyme solvate ionic liquid. The LiPON thin film was able to suppress the irreversible decomposition of the solvate ionic liquid. The cathodic deposition of Li and anodic dissolution of the deposited Li occurred on the Ni electrode through the LiPON thin film. These results suggest that the LiPON thin film plays a role as an artificial solid electrolyte interphase film between the Ni electrode and the solvate ionic liquid.
Introduction
Equimolar mixtures of lithium bis(trifluoromethylsulfonyl)amide (LiTFSA) and glymes (triglyme (G3) or tetraglyme (G4)) have been known as a class of ionic liquids called "solvate ionic liquids" consisting of [Li(glyme) 
+ and TFSA ¹ . 1,2 They have the potential to be used for rechargeable lithium battery electrolytes due to their unique properties such as wide electrochemical window, acceptable ionic conductivity and high lithium ion concentration. [3] [4] [5] It has been reported that the stable charge-discharge operation of Li-LiCoO 2 , 6 lithium-sulfur (Li-S) 7, 8 and lithium-air (Li-O 2 ) 9 cells is possible using LiTFSA-glyme solvate ionic liquids. In the case of such anodes as Li and graphite, it is suggested that the surface film on the electrode, so-called solid electrolyte interphase (SEI) film, is formed in the LiTFSA-glyme solvate ionic liquids, 10, 11 as reported in TFSA ¹ based ionic liquids. [12] [13] [14] The SEI film was considered produced as a result of the reductive decomposition of the electrolytes. 15, 16 Furthermore, the SEI film conducts Li ion and protects electron transfer between the electroactive material and the liquid electrolyte, enabling the deposition/dissolution of Li or the insertion/extraction of Li ion through the SEI film on the electrode without further decomposition of the liquid electrolyte.
Lithium phosphorus oxynitride (LiPON) thin film is a Li ion conductor without electronic conductivity. 17 LiPON has been investigated as the electrolyte for all solid state batteries. [17] [18] [19] [20] [21] [22] [23] Iriyama et al. showed the deposition/dissolution of Li at LiPON « copper electrode interface by in-situ scanning electron microscopy. 23 Our previous study demonstrated that the LiPON thin film acted as an artificial SEI film and that the deposition and dissolution of Li were possible through the LiPON thin film without the decomposition of TFSA ¹ based ionic liquids. 24 It has been also reported that LiPON is an effective artificial SEI film for a Si anode 25 and various cathodes [26] [27] [28] [29] [30] in organic electrolytes so far. As mentioned above, the LiTFSA-glyme solvate ionic liquid is a promising electrolyte to the rechargeable battery systems with Li anode. In this study, the deposition and dissolution of Li through LiPON thin film were investigated in the LiTFSA-G3 solvate ionic liquids in order to evaluate the fundamental characteristics of LiPON as the artificial SEI film.
Experimental
G3 (Nippon Nyukazai, water content < 50 ppm) and LiTFSA (Solvay) were used as received. LiTFSA-G3 solvate ionic liquid was prepared by mixing the equimolar amounts of G3 and LiTFSA. A LiPON thin film was fabricated by radio frequency (RF) magnetron sputtering (Sanyu Electron, SVC-700) using a sintered Li 3 PO 4 target. Sputter deposition was conducted onto a Ni substrate with RF power of 50 W in N 2 gas (99.999%) whose pressure was less than 1 Pa at ambient temperature. A sputtering time was 16 hours. The thickness and mass of the LiPON thin film was 0.9 « 0.3 µm and 205 « 70 µg cm
¹2
, respectively. Linear sweep voltammetry and cyclic voltammetry were conducted with an airtight three electrode cell. A Ni plate coated with or without LiPON was used as a working electrode. Li foil immersed in 50-50 mol% LiTFSA-G3 solvate ionic liquid was used as a reference electrode, which is represented as Li/Li(I) in this paper. Li foil was used as a counter electrode. Galvanostatic deposition and dissolution of Li were conducted using a 2032 type coin cell configured as Li « LiTFSA-G3 solvate ionic liquid « Ni coated with or without LiPON. A porous polypropylene sheet (Polypore, Celgard 3501) was used as the separator. Electrochemical measurements were conducted with a potentiostat/galvanostat (Hokuto Denko, HSV-110) or a charge/discharge instrument (Hokuto Denko, HJ-1001SM8). The Ni electrode coated with or without LiPON was kept at ca. 2.0 V vs. Li/Li(I) in the electrolyte at 298 K for several minutes before all electrochemical experiments. Handling the hygroscopic materials and assembling the electrochemical cells were carried out in an Ar-filled glove box with a continuous gas purification apparatus (Miwa MFG, DBO-1KP-K02). The concentrations of H 2 O and O 2 were kept below 800 ppb and 1 ppm, respectively. The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.846 Figure 1 shows the linear sweep voltammograms of the Ni electrodes with and without LiPON in the 50-50 mol% LiTFSA-G3 solvate ionic liquid at 298 K. The anodic current at the Ni electrode without LiPON monotonically increased above 5.0 V. This anodic current can be assigned to the oxidative decomposition of the 50-50 mol% LiTFSA-G3 solvate ionic liquid 6 and/or the anodic dissolution of Ni to Ni(II). 31 In contrast, the anodic current was hardly observed on the Ni electrode with LiPON at the potential higher than 5.0 V, indicating the high anodic stability of LiPON 19 and the ability of LiPON to block the electron transfer between the Ni electrode and the LiTFSA-G3 solvate ionic liquid. This result also indicated the Ni electrode was fully covered with LiPON. Figure 2 shows the cyclic voltammograms of the Ni electrodes with and without LiPON in the 50-50 mol% LiTFSA-G3 solvate ionic liquid at 298 K. In the case of the Ni electrode without LiPON, a cathodic and anodic current corresponding to the deposition and dissolution of Li were observed around 0.0 V. In the potential range between 0.0 and 1.5 V, however, the cathodic current with at least two peaks at 1.3 and 0.6 V and the anodic current peak at 1.0 V were observed probably due to formation of the surface film on the Ni electrode by reductive decomposition of the LiTFSA-G3 solvate ionic liquids. Although the detailed mechanism of the reductive decomposition has not been fully understood yet, it was suggested that the surface film consisted of the decomposition products of TFSA ¹ in the case of the graphite electrode. 11 In the case of the Ni electrode with LiPON, on the other hand, a cathodic and anodic waves corresponding to the deposition and dissolution of Li, respectively, were observed without any peak attributable to reductive decomposition of the electrolyte within the potential range from 0.0 to 1.5 V, as shown in Fig. 2 . Thus, the LiPON thin film was confirmed to act as the artificial SEI film, which penetrates Li ion with suppressing the irreversible decomposition of the electrolyte. The cathodic current for the deposition of Li at ¹0.2 V on the Ni electrode with LiPON was smaller than that on the Ni electrode without LiPON since the mass transport properties such as ionic conductivity and diffusion coefficient of Li(I) in LiPON are known to be smaller by about two or three orders of magnitude than those in the LiTFSA-G3 solvate ionic liquid. 4, 32 Thus, the rates of deposition and dissolution of Li for the Ni electrode with LiPON are considered determined by the mass transport of Li(I) in LiPON. Electrochemistry, 83(10), 846-848 (2015) coulombic efficiency for deposition and dissolution of Li was found to be 67 and 19% for the Ni electrodes with and without LiPON, respectively, indicating LiPON thin film successfully suppressed reductive decomposition of the solvate ionic liquid during the deposition and dissolution cycle as an artificial SEI film. However, the observed coulombic efficiency of 67% was rather low for the Ni electrode fully covered with LiPON thin film. Since LiPON thin film is a rigid solid state ionic conductor, physical destruction of LiPON thin film may occur during deposition of Li at the interface between the Ni electrode and LiPON thin film, resulting in the loss of electrical contact between Li and Ni electrode and/or reaction of Li with the solvate ionic liquid penetrated through cracks in LiPON thin film.
Results and Discussion

Summary
LiPON thin film was studied as a model of the artificial SEI film in the LiTFSA-G3 solvate ionic liquid. The LiPON thin film suppressed decomposition of the LiTFSA-G3 solvate ionic liquid in the wide potential range from 0 to 6 V vs. Li/Li(I). The deposition and dissolution of Li were observed through the LiPON thin film. The coulombic efficiency for deposition and dissolution of Li on the Ni electrode was improved by coating with the LiPON thin film, indicating the LiPON thin film acted as the artificial SEI film. The artificial SEI film may be useful for revealing the properties of the SEI films formed in various electrolytes.
